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[1] We evaluate predictions from the Community Multiscale Air Quality (CMAQ version
4.7.1) model against a suite of airborne and ground-based meteorological measurements,
gas- and aerosol-phase inorganic measurements, and black carbon (BC) measurements
over Southern California during the CalNex ﬁeld campaign in May/June 2010. Ground-
based measurements are from the CalNex Pasadena ground site, and airborne
measurements took place onboard the Center for Interdisciplinary Remotely-Piloted
Aircraft Studies (CIRPAS) Navy Twin Otter and the NOAA WP-3D aircraft. BC
predictions are in general agreement with observations at the Pasadena ground site and
onboard the WP-3D, but are consistently overpredicted when compared to Twin Otter
measurements. Adjustments to predicted inorganic mass concentrations, based on
predicted aerosol size distributions and the AMS transmission efﬁciency, are shown to be
signiﬁcant. Owing to recent shipping emission reductions, the dominant source of sulfate in
the L.A. Basin may now be long-range transport. Sensitivity studies suggest that severely
underestimated ammonia emissions, and not the exclusion of crustal species (Ca2+, K+, and
Mg2+), are the single largest contributor to measurement/model disagreement in the eastern
part of the L.A. Basin. Despite overstated NOx emissions, total nitrate concentrations are
underpredicted, which suggests a missing source of HNO3 and/or overprediction of
deposition rates. Adding gas-phase NH3 measurements and size-resolved measurements,
up to 10 mm, of nitrate and various cations (e.g. Na+, Ca2+, K+) to routine monitoring
stations in the L.A. Basin would greatly facilitate interpreting day-to-day ﬂuctuations in
ﬁne and coarse inorganic aerosol.
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1. Introduction
[2] The Los Angeles mega-city has consistently experi-
enced among the highest particulate matter levels in the
United States and the highest ozone levels (http://www.
stateoftheair.org/2012/city-rankings/most-polluted-cities.html).
Several measurement campaigns have focused on characteriz-
ing particulate air quality in the Los Angeles Basin (e.g. Appel
et al. [1982]; Turpin and Huntzicker [1991]; Chow et al.
[1994]; Watson et al. [1994]; Eldering et al. [1994]; Liu et al.
[2000]; Hughes et al. [2002]; Pastor et al. [2003]; Croes
and Fujita [2003]; Neuman et al. [2003]; Jacob et al. [2010];
Docherty et al. [2011]), and in other urban areas, such as
Pittsburgh, PA (Pittsburgh Air Quality Study, PAQS; e.g.
Wittig et al. [2004]; Cabada et al. [2004]; Modey et al.
[2004]; Pekney et al. [2006]; Bein et al. [2006]), Mexico City,
Mexico (Mega-city Initiative: Local and Global Research
Observations, MILAGRO; e.g. Salcedo et al. [2006]; DeCarlo
et al. [2008]; Querol et al. [2008]; Molina et al. [2010]),
Houston, Texas (2006 TexasAir Quality Study, TexAQS; e.g.
Parrish et al. [2009]; Nowak et al. [2010]; Washenfelder
et al. [2010]), and Beijing, China (Campaign of Air Quality
Research in Beijing, CAREBEIJING; e.g. van Pinxteren
et al. [2009]; Yue et al. [2009, 2010]; Ianniello et al. [2011];
Zheng et al. [2011]). Many studies have used data gathered
during these ﬁeld campaigns to evaluate the ﬁdelity of three-
dimensional atmospheric chemical transport models (CTMs)
(e.g. Sarwar and Bhave [2007]; Fountoukis and Nenes
[2007]; Nolte et al. [2008]; Matsui et al. [2009]; Fountoukis
et al. [2009]; McKeen et al. [2009]; Fast et al. [2009]; Foley
et al. [2010]; Renner and Wolke [2010]; Zhang and Ying
[2010]; Karydis et al. [2010]; Kelly et al. [2010]; Lee et al.
[2011]; Huang et al. [2011]; Pﬁster et al. [2011]).
[3] The California Research at the Nexus of Air Quality and
Climate Change (CalNex) study was conducted during May–
June 2010 to address both air quality and climate change
through coordination and collaboration between several gov-
ernment agencies, such as the California Air Resources Board
(CARB), the National Oceanic and Atmospheric Administra-
tion (NOAA), and academic institutions (www.esrl.noaa.
gov/csd/calnex/). During CalNex, state-of-the-art airborne,
ship-based, and ground-based measurements of atmospheric
species, and of their transport over and off the coast of Califor-
nia, were conducted with the goal of understanding the impact
of airborne pollutants on air quality and climate.
[4] The motivation for the present work is to evaluate the
extent to which we understand the observed behavior of
inorganic aerosols in the Los Angeles airshed, one of the
world’s most important urban areas from the point of view
of air quality. The suite of ground-level and airborne mea-
surements made during CalNex represent, by far, the most
complete characterization of Los Angeles air quality yet
carried out. Such a complex suite of measurements, gas
and particle, surface and aloft, can only be placed in a
uniﬁed context through the integration of chemistry and phys-
ics provided by a state-of-the-science atmospheric chemical
transport model, driven by appropriate meteorology for the
days of the experiment and operating on the emissions inven-
tory of the region assembled by the relevant governmental
agencies. In many respects, the current work can be seen
as a parallel to the Mexico City MILAGRO study [Molina
et al., 2010].
[5] To evaluate the extent to which predictions of a state-of-
the-science CTM, driven by current emission inventories and
resolved meteorological ﬁelds, agree with measured concen-
trations, we employ the Community Multiscale Air Quality
(CMAQ) model version4.7.1 (http://www.cmaq-model.org/,
Foley et al. [2010]) to simulate the three-dimensional distribu-
tion of aerosols and gases over Southern California during the
CalNex ﬁeld campaign. Predictions are compared to a suite of
airborne and ground-based meteorological measurements,
gas- and aerosol-phase inorganic measurements, and black
carbon (BC) measurements over Southern California during
the CalNex ﬁeld campaign. Airborne measurements took
place onboard the Center for Interdisciplinary Remotely-
Piloted Aircraft Studies (CIRPAS) Navy Twin Otter aircraft
(hereafter referred to as the Twin Otter) and the NOAA
WP-3D (hereafter referred to as the P3) aircraft during
May and June 2010. A Lagrangian particle dispersion
model, FLEXPART (http://transport.nilu.no/ﬂexpart, Stohl
et al. [2005]), is used to track the origins of measured and
predicted species in the Los Angeles Basin during CalNex
by calculating back trajectories based on advection and turbu-
lent mixing processes. Our goal is to identify the major sources
of measurement/model disagreement for BC and various
inorganic aerosol species and to suggest additional measures
that address these sources of error. The organic component
of the particulate matter will be addressed in a future study.
2. Model Description and Application
2.1. CMAQ
[6] In this study, we use CMAQ version 4.7.1 [Foley et al.,
2010] on a domain that includes a large portion of Southern
California as well as parts of Mexico (Figure 1), covering
the area from (31.83∘N, 121.43∘W) to (35.69∘N, 114.43∘W)
with 4 km by 4 km horizontal grid cells (102 x 156 grid
points). Simulations cover the time period of May 2010. All
simulations include a minimum spin-up period of four days
to mitigate the inﬂuence of initial conditions, except for the
P3 ﬂight during 4 May 2012 which included only three days
of spin up due to lack of MM5 meteorology for 30 April
2010. The meteorological ﬁelds used to drive the model were
generated by the 5th generation Penn State/National Center for
Atmospheric Research Meso-scale Model (MM5 version
3.7.4; Grell et al. [1995]). Three nested grids, with horizontal
resolutions of 36, 12, and 4 km, were used to generate meteo-
rological ﬁelds at the desired resolution (Figure S1). Nesting is
the process by which a model simulation is run over a certain
domain (the parent domain) at a given resolution. From the
predicted concentrations within the parent domain, boundary
conditions are extracted and used to drive a separate ﬁner-
resolution model simulation that is run over a portion of the
parent domain (the nested domain). The MM5 model was
initialized from NARR analysis data (http://nomads.ncdc.
noaa.gov/data/narr/) with analysis nudging option, but obser-
vational nudging was not used. The 36 km and 12 km grids
were ﬁrst run together, via two-way nesting, using the Grell
cumulus, simple ice microphysics, NOAH soil scheme,
MRF PBL, and RRTM radiation options. The 4 km grid was
then run, via one-way nesting, using boundary conditions
derived from the 12 km grid with all options identical to the
coarse domain simulations, except that the cumulus parame-
terization was turned off since the sufﬁciently ﬁne horizontal
ENSBERG ET AL.: CALNEX INORGANIC AND BC AEROSOL
1778
resolution of the 4 km grid is expected to capture the smaller
cloud scale atmospheric motions. CMAQ-compatible meteo-
rological ﬁelds were then generated by processing MM5
output using the Meteorology-Chemistry Interface Program
(MCIP) version 3.6 [Otte and Pleim, 2010]. Vertically,
the meteorological ﬁelds extend from the surface to 100 mb
(18 km above sea level) using 30 layers. This vertical
resolution is typical for regional-scale and meso-scale model-
ing studies such as this. For instance, Kelly et al. [2010]
conﬁgured CMAQ to use 30 vertical layers for the coast of
Florida. Similarly, Foley et al. [2010] tested CMAQ4.7 over
the eastern United States using 12, 24, and 34 vertical layers.
In the present study, there are 11 layers in the lowest 1000
m, and the surface layer is 30 m deep.
[7] The emission inventory used in this study is a modiﬁed
version of the day-speciﬁc ARCTAS-CARB inventory from
June 2008. The modiﬁcation consists of averaging June
emissions to produce emissions for one representative
week-day and one representative weekend-day for use dur-
ing May 2010. In so doing, it is implicitly assumed that
emissions did not change appreciably from 2008 to 2010.
This assumption may be in question due to the recent emis-
sions control programs, such as the diesel truck rules and
ocean going vessel (OGV) fuel regulations (http://www.
arb.ca.gov/msprog/operators.htm). As a result, emissions of
BC and sulfur containing compounds may have decreased
signiﬁcantly from 2008 to 2010 [Dallmann et al., 2011;
Lack et al., 2011]. The CARB recognizes this limitation
and is working toward releasing a newer version of the emis-
sion inventory. Daily total emission rates for each species
are given in Tables S4 and S5, and the emission inventory
used in this study is available from the authors upon request.
The limitations of the current CARB inventory are expected
to impact agreement between observations and predictions of
anthropogenic BC and sulfur containing compounds, but not
sea-salt emissions of SO24 which are modeled interactively
in CMAQ [Gong, 2003; Sarwar and Bhave, 2007; Kelly
et al., 2010]. All meteorological ﬁelds and gridded emission
inventories were prepared and provided by CARB.
[8] Gas-phase predictions are based on a modiﬁed version
of the Statewide Air Pollution Research Center (SAPRC)
chemical mechanism (version SAPRC07TC, Carter [2010])
implemented in CMAQ with the Rosenbrock numerical
solver. The main modiﬁcation consists of using an updated
isoprene photooxidation mechanism based on Paulot et al.
[2009a, 2009b]. Atmospheric mass distributions of particu-
late matter by size are represented in CMAQ as the superpo-
sition of three log-normal distributions, referred to as
modes. These are the Aitken mode (typical Dp range is
20 nm to 90 nm), the accumulation mode (typical Dp range
is 90 nm to 1-2.5 mm), and the coarse aerosol mode (typical
Dp range is 1-2.5 to 10 mm) [Binkowski and Roselle, 2003].
Each mode is deﬁned by its geometric standard deviation,
geometric mean diameter, and the magnitude of mass within
the mode. All particles are assumed to be spherical and each
mode is assumed to be internally mixed chemically. Aerosol
processes such as evaporation, condensation, coagulation,
nucleation, advection, and wet and dry deposition affect
the total number of particles, total surface area, and total
mass within each mode. The majority of primary PM2.5
emissions (99.9% by mass), including BC, are assigned to
the accumulation mode, and a small fraction (0.1% by mass)
is assigned to the Aitken mode according to section 1.3 of
Binkowski and Roselle [2003].
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Figure 1. CMAQmodeling domain (colored area) used for simulations during the CalNex Field Campaign.
The domain covers the area from (31.83∘N, 121.43∘W) to (35.69∘N, 114.43∘W)with 4 km x 4 km horizontal
grid cells (102 x 156 grid points). The star represents the Pasadena ground site and the triangle represents
Bakersﬁeld.
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[9] The thermodynamic model ISORROPIA-II [Fountoukis
and Nenes, 2007] is used in CMAQ to compute the thermody-
namic equilibrium of the NHþ4 -Na
+-SO24 -NO

3 -Cl
-H2O aero-
sol system. The assumption of thermodynamic equilibrium
between ﬁne inorganic particulate nitrate and ammonium with
gas-phase nitric acid and ammonia is commonly invoked in
atmospheric CTMs. The validity of this assumption for ﬁne
particles (Dp typically < 2.5 mm) was conﬁrmed on the basis
of data obtained during the 1999 Atlanta Supersite Experiment
[Zhang et al., 2002]. Karydis et al. [2010] used the PMCAMx
model with ISORROPIA-II to model inorganic aerosol
measured during the Mexico City MILAGRO campaign.
They concluded that explicitly treating mass transfer to
and from coarse aerosol as a dynamic process is essential
for capturing the competition between small and large parti-
cles for condensible inorganic vapors. To account for this
competition, CMAQ partitions mass between the gas and
aerosol phases according to the hybrid method [Capaldo
et al., 2000], in which instantaneous equilibrium is assumed
between the gas and aerosol phases in the two ﬁne modes,
and dynamic mass transfer governs the coarse aerosol mode.
Since ISORROPIA-II is capable of simulating aerosol systems
that include K+-Ca2+-Mg2+, we conduct an additional sensi-
tivity simulation on the impact of dust emissions and crustal
species on inorganic aerosol concentrations in the L.A. Basin.
2.2. GEOS-Chem
[10] Dynamic chemical boundary conditions (1-h temporal
resolution) used in the CMAQ simulations were generated
from the GEOS-Chem global chemical transport model
(version 9-01-01, http://acmg.seas.harvard.edu/geos/) via one-
way nesting. GEOS-Chem was used to simulate global gas-
and aerosol-phase concentrations at 2∘ latitude x 2.5∘ longitude
horizontal resolution, with 47 vertical levels. Boundary condi-
tions were extracted from the global simulation and used to
drive a nested GEOS-Chem simulation over North America
at 0.5∘ latitude x 0.667∘ longitude horizontal resolution, with
47 vertical levels. Finally, CMAQ-consistent boundary condi-
tions were then extracted from the nested GEOS-Chem simula-
tions for the domain shown in Figure 1. All three domains are
shown on a single map in Figure S2. The coarse GEOS-Chem
parent grid simulation spin-up period was 1 year, and the spin-
up period for the nested GEOS-Chem grid simulation was 4
months (Jan-Apr 2010). Goddard Earth Observing System
(GEOS-5) assimilated meteorological data from the NASA
Global Modeling andAssimilation Ofﬁce (GMAO)were used
for all GEOS-Chem model simulations, which included
ozone-NOx-hydrocarbon chemistry [Bey et al., 2001] coupled
with sulfate-nitrate-ammonium aerosol chemistry [Park et al.,
2004]. Outside North America, global emissions used in the
coarse simulations are from the Emissions Database for
Global Atmospheric Research (EDGAR) inventory [Olivier
and Berdowski, 2001]. Anthropogenic emissions data for the
United States, used in GEOS-Chem, were from the EPA
National Emissions Inventory (NEI) 2005, scaled to the
simulation period according to trends in the EPA Acid Rain
Program (http://camddataandmaps.epa.gov/gdm/) and the
NEI Air Pollutant Emissions Trends Data (http://www.epa.
gov/ttn/chief/trends/). The nested GEOS-Chem simulation
also includes aircraft, biofuel and natural emissions of inor-
ganic aerosol precursors, as described by Park et al. [2004].
[11] Since the nested GEOS-Chem horizontal grid resolu-
tion of 0.5∘ latitude x 0.667∘ longitude (55 km x 60 km
at latitude 33∘N) is considerably coarser than the 4 km x 4
km resolution of CMAQ, and the domain shown in Figure 1
is relatively small compared to the North American continent,
the potential double-counting of species in the L.A. Basin was
taken into consideration. Coarse resolution acts to smooth
concentration gradients via dilution, thereby reducing peak
values within the region and increasing species concentrations
at the boundaries. These species can then partially reenter the
L.A. Basin as boundary conditions, while simultaneously
being emitted within the L.A. Basin via the ARCTAS-CARB
emission inventory, which is physically unrealistic. However,
it is possible for species emitted in the L.A. Basin to be trans-
ported outside the domain (Figure 1), and then reenter via
recirculation. To determine the impacts of both of these
potential issues, additional sensitivity simulations have been
conducted with CMAQ using two sets of boundary condi-
tions: (1) one set is derived from a nested GEOS-Chem
simulation over North America that includes emissions in
the L.A. Basin, and (2) one set is derived from the same
nested GEOS-Chem simulation over North America with
emissions in the domain shown in Figure 1 set to zero (the
latter set was used in the results to be presented). The results
(not shown) indicate that the impact of turning off emissions
in the L.A. Basin in the nested GEOS-Chem simulation has
virtually no impact on black carbon concentrations, and
only a very slight impact on the boundary inﬂow of sulfate.
Therefore recirculation and the potential double-counting of
species are not issues in the current model conﬁguration,
although this may not be true for modeling conﬁgurations
with different domain sizes and different grid-cell sizes, or if
there are signiﬁcant emissions sources near the boundaries of
the nested domain.
2.3. FLEXPART
[12] To trace the origins of measured and predicted species
during CalNex, a modiﬁed version of the FLEXPART
Lagrangian particle dispersion model [Stohl et al., 2005] is
used to calculate back trajectories of air masses. FLEXPART
has been used extensively to quantify the impacts of meteoro-
logical processes on pollution transport (e.g., de Foy et al.
[2006]; Palau et al. [2006]; Ding et al. [2009]; Brioude
et al. [2009]). A detailed description of the FLEXPARTmodel
used in this study can be found in the SupplementaryMaterial.
3. Observations
3.1. Pasadena Ground-Site Data
[13] Planetary boundary layer (PBL) heights were measured
at the Pasadena ground site with a Vaisala Ceilometer CL31,
which uses the minimum-gradient method to determine aero-
sol backscatter proﬁles [Emeis and Schafer, 2006; Schafer
et al., 2004]. Observed PBL heights are compared to predicted
PBL heights in Figure 2. Previous studies have shown overall
agreement between this technique as compared to radiosonde
and sonic detection and ranging estimates of PBL height
[Haman, 2011; van der Kamp et al., 2010; Martucci et al.,
2007;Münkel et al., 2006]. For this study, the average PBL height
uncertainty and the minimum detection limit are 5m and
80 m, respectively. A detailed description of the instruments
and settings used in this study can be found in Haman [2011].
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[14] Refractory black carbon (BC) aerosol mass was mea-
sured at the Pasadena ground-site with a Droplet Measurement
Technologies (DMT, Boulder, CO, USA) Single Particle Soot
Photometer (SP2). Brieﬂy, the SP2 detects refractory BC mass
by measuring the incandescence signal emitted from single
BC-containing particles heated to their boiling point when
passing through an intense Nd:YAG laser beam (l =1064
nm). BC volume-equivalent diameter (VED) is calculated from
the detected mass assuming a spherical particle with density of
1.8 g cm 3 [Bond and Bergstrom, 2006]. The SP2 incandes-
cence channels were calibrated in the same way as described
in Section 2 of the Supplemental Material to McMeeking
et al. [2010], with the main difference being that Alfa Aesar
glassy carbon spheres were used instead of Aquadag. The data
have been corrected for mass above and below the detection
limit of the instrument by ﬁtting a log-normal distribution to
the primary mode in the BC mass distribution and another
log-normal distribution to the residual of this ﬁt (i.e. a second-
ary mode). The two ﬁts were then added together, and the frac-
tion of the ﬁts above and below the SP2 detection limit were
calculated as 8.0% of BC mass below the detection limit and
1.9% above. The measured BC mass concentrations have been
divided by (1- 0.099). Based on Shiraiwa et al. [2008] and
Schwarz et al. [2008b], the uncertainty in the determination
of the mass of a single BC particle measured at the Pasadena
ground site is estimated to be 30%. All BC measurements
from the Pasadena ground site are shown in Figure 3.
[15] Inorganic aerosol measurements were made by the
University of Colorado-Boulder Aerodyne high-resolution
time-of-ﬂight aerosol mass spectrometer (Aerodyne HR-
ToF-AMS, Aerodyne Research, Inc., Billerica, MA USA,
[DeCarlo et al., 2008]) at the CalNex Pasadena ground site.
The inlet is designed to transmit particles with vacuum-
aerodynamic diameters (Dva) of 60 to 600 nm with unit
transmission efﬁciency, although particles with Dva above
600 nm are also detected [Canagaratna et al., 2007;
DeCarlo et al., 2004]. A composition-dependent collection
efﬁciency (CE) was applied to the AMS data based on
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Figure 2. Observed (black) and predicted (red) planetary
boundary layer (PBL) heights, temperature, and relative
humidity (RH) at the Pasadena ground site from 15 May–
31 May 2010.
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recent work [Middlebrook et al., 2012]. The composition
based method for collection efﬁciency addresses the issue
of particle bounce in the AMS and that particle bounce is
a function of particle phase. The technique presented by
Middlebrook et al. [2012] encompasses the four main
factors inﬂuencing particle phase: relative humidity in the
sampling line, acidity/neutralization of the sulfate content,
ammonium nitrate content, and organic liquid content. For
this data set, there were several instances where ammonium
nitrate dominated the aerosol mass, and as shown in Figure 3
in Middlebrook et al. [2012], when the ammonium nitrate
fraction exceeds 0.4, the CE for the aerosol increases from
0.45 to 1. Using a constant CE value during these periods
would cause an overprediction of aerosol mass. The
ground-site AMS measurements are reported as 5-min
averages and have an uncertainty <30%. NH3 was
measured at 1 Hz by quantum cascade tunable infrared laser
differential absorption spectroscopy (QC-TILDAS from
Aerodyne Inc.) with an overall uncertainty during the
CalNex campaign of 10% + 0.42 ppbv. [Ellis et al., 2010].
HNO3 measurements were made with the acetate ion CIMS
described by Roberts et al. [2010]. Data were acquired every
10 seconds, and were averaged to one minute. The calibrations
were performed with permeation tubes calibrated as described
by [Neuman et al., 2002]. The time constant for transmission
of HNO3 through the inlet was found to be several minutes.
The overall uncertainty of the HNO3 measurement was 34%
+ 0.05 ppbv. SO2mixing ratios weremeasured at the Pasadena
site with a commercial pulsed ﬂuorescence detector (Model
43i-TL, Thermo Electron Corp) operated as described in Luke
[1997]. All inorganic species measurements from the
Pasadena ground site are shown in Figure 4. Hourly measure-
ments of NOx and SO2 at three ground sites in the L.A. Basin
are also reported by the CARB ground network (http://www.
arb.ca.gov/aqmis2/aqmis2.php) and shown in Figure 5.
3.2. CIRPAS Twin Otter
[16] BC aerosol mass was measured onboard the Twin
Otter aircraft with a Droplet Measurement Technologies
(DMT, Boulder, CO, USA) Single Particle Soot Photometer
(SP2). The major ﬁndings from this SP2 during CalNex, in-
cluding calibration of the instrument, are detailed elsewhere
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to sulfate attributable to boundary conditions, “(Aq,Gas),OX" refers to secondary sulfate produced by
aqueous-phase (Aq) or gas-phase (Gas) oxidation of SO2 by oxidant OX. “Primary SO24 " refers to sulfate
emitted within the basin.
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[Metcalf et al., 2012]. In Metcalf et al. [2012], 1-min aver-
age data are reported, but in this study, we have re-sampled
the dataset at 1 Hz to take advantage of the highest time-
resolution available. To account for the BC mass outside
the SP2 detection range, a single log-normal function is ﬁt
to each 1-s histogram of single-particle BC mass between
0.48 and 290 fg (50-675 nm VED, assuming a spherical
particle density of 1.8 g cm 3), and integrated to give bulk
BC mass concentrations. Unlike the SP2 measurements at the
Pasadena ground site, a single log-normal mode is sufﬁcient
to adjust the measured BC size distributions for mass above
and below the Twin Otter SP2 detection limits [Metcalf et al.,
2012]. As discussed in Metcalf et al. [2012], this adjustment
increases bulk BC mass concentrations by 15–20%. Based
on the calibration standards available, uncertainty in single-
particle BC mass determination and bulk mass concentrations
is estimated to be 40%.
[17] Non-refractory particle mass and composition mea-
surements were made by an Aerodyne compact time-of-ﬂight
aerosol mass spectrometer (C-ToF-AMS, Aerodyne Research,
Inc., Billerica, MA USA) [Drewnick et al., 2005; Murphy
et al., 2009]. The AMS onboard the Twin Otter measures
sub-micron, non-refractory, size-resolved aerosol composi-
tion. The inlet and collection efﬁciency of the AMS onboard
the Twin Otter were similar to those of the AMS at the
Pasadena ground site. In an effort to measure aerosol mass
distributions, the AMS onboard the Twin Otter was periodi-
cally run in particle-time-of-ﬂight (PToF) mode. Due to
relatively low aerosol loadings, the signal-to-noise ratio was
not of sufﬁcient quality for a meaningful comparison to size
distributions predicted by CMAQ. Instead, we focus on bulk
particulate ammonium (NHþ4 ), particulate nitrate (NO

3 ), and
particulate sulfate (SO 24 ) mass concentrations reported as
10-s averages. We note that due to the attempted size-resolved
measurements, narrow plumes may have been missed by the
AMS onboard the Twin Otter.
[18] All Twin Otter measurements reported here are from
instruments inside an unpressurized cabin. All instruments
sampled downstream of a two-stage diffusion inlet with a
transmission efﬁciency near unity for particle diameters up
to about 3.5 mm [Hegg et al., 2005]. Sampling lines inside
the cabin are kept reasonably uniform to all instruments, so
further corrections for diffusional losses in these lines have
not been made. The Twin Otter conducted 18 research
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Figure 5. Measured (black) and predicted (red) NOx and SO2 mixing ratios for May 2010 at three loca-
tions in the Los Angeles Basin. Gaseous measurements were taken from the Air Quality and Meteorolog-
ical Information System (AQMIS, http://www.arb.ca.gov/aqmis2/aqmis2.php).
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ﬂights from Ontario, CA between 4 May and 28 May 2010
during CalNex. The AMS was onboard during 8 of the ﬂights,
three of which were to San Joaquin Valley, which is outside
the domain shown in Figure 1. Therefore, this analysis makes
use of 5 Twin Otter ﬂights during which inorganic aerosol
concentrations were measured within the L.A. Basin.
3.3. NOAA P3
[19] The P3 aircraft conducted 18 research ﬂights from
Ontario, CA between 4 May and 20 June 2010 during CalNex
2010 (esrl.noaa.gov/csd/calnex/). This study uses daytime
measurements from 5 P3 ﬂights that focused on sampling L.
A. Basin emissions and the resulting photochemical products.
NH3, HNO3, NH
þ
4 , NO

3 , and SO
2
4 , and various meteorolog-
ical parameters were measured onboard the P3 aircraft. NH3
was measured at 1 Hz (equivalent to 100 m spatial resolution)
by chemical ionization mass spectrometry (CIMS) with typi-
cal uncertainties of (30% + 0.2 ppbv) and a 1s imprecision
of 0.08 ppbv [Nowak et al., 2010]. HNO3 was measured at 1
Hz by a separate CIMS instrument with an uncertainty of
(15% + 0.040 ppbv) and a 1s imprecision of 0.012 ppbv
[Neuman et al., 2012]. CO measurements were made by a
vacuum ultraviolet ﬂuorescence instrument with 5%
uncertainty and 1 ppbv imprecision [Holloway et al., 2000].
SO 24 , NH
þ
4 , and NO

3 were measured from a pressure-
controlled region downstream of a low turbulence inlet
using a compact time-of-ﬂight aerosol mass spectrometer
(Aerodyne, Billerica, Massachusetts) [Bahreini et al., 2009].
The AMS data are reported as 10-s averages with 2s uncer-
tainty (1-s imprecision) of 34% (0.06 mg m 3), 34% (0.01
mg m 3), and 36% (0.01 mg m 3) for ammonium, nitrate,
and sulfate, respectively. BC measurements in the size range
of 95-720 nm VED (still assuming a BC void-free density of
1.8 g cm 3) were made by an SP2 similar to that used onboard
the Twin Otter [Schwarz et al., 2006]. As with the SP2 mea-
surements onboard the Twin Otter, a single log-normal func-
tion is sufﬁcient to account for mass above and below the P3
SP2 detection limits, and this adjustment increases bulk BC
mass concentrations by 10–25%. As described in detail in
Metcalf et al. [2012], due to differences in calibration, mea-
surements from the SP2 onboard the Twin Otter are poten-
tially biased low by 12%, as compared to those from the
SP2 onboard the P3 (e.g. if the P3 measurement is 1 mg
m 3, the Twin Otter measurement would be 0.88 mg m 3).
[20] The AMSs used in this study, both ground-based and
airborne, measured only particles with vacuum aerodynamic
diameters between 60 nm and 600 nm diameter with 100%
efﬁciency. Particles with aerodynamic diameters above 600
nm were also measured, but with reduced collection efﬁ-
ciency. However, since the predicted Aitken, accumulation,
and coarse aerosol modes are expressed in CMAQ in terms
of log-normal functions, each mode is deﬁned for particle
diameters ranging from zero to inﬁnity. Therefore, all aerosol
predictions are adjusted to match the transmission efﬁciency
of the AMS based on the following piece-wise deﬁned trans-
mission function:
• 0% transmission below Dva = 40 nm;
• linear increase in transmission vs ln(Dva), from 0% at Dva
= 40 nm to 100% at Dva = 100 nm;
• 100% transmission from Dva = 100 nm up to Dva = 550 nm;
• linear decrease in transmission vs ln(Dva), from 100% at
Dva = 550 nm to 0% at Dva = 2 mm.
• 0% transmission above Dva = 2 mm;
[21] This transmission function is an average of the trans-
mission curves used in several AMS studies as described in
Knote et al. [2011] and references therein, and is applied to
all inorganic aerosol predictions (CMAQ) that are compared
to AMS measurements from the Pasadena site, the Twin
Otter aircraft, and the P3 aircraft. We note that due to varia-
tion between speciﬁc aerodynamic lenses in different instru-
ments, the exact transmission efﬁciencies of the AMS at the
Pasadena site, onboard the Twin Otter, and onboard the P3
will be slightly different than the one used in this study.
Appendix B presents the equations used to modify CMAQ
predictions based on the AMS transmission window and
efﬁciencies, and a derivation of these equations is given in
the Supplemental Material. Measured BC concentrations from
all platforms, adjusted for mass above and below the SP2
detection limits, are compared directly to the unmodiﬁed
predicted BC concentrations in all results to be presented.
4. Results and Discussion
[22] The Aerosol Modeling Testbed analysis toolkit [Fast
et al., 2011] was used to map three-dimensional CMAQ
meteorological parameters, predicted gas-phase concentra-
tions, and predicted aerosol-phase concentrations onto each
ﬂight path (as well as for various ground sites). The temporal
resolution of the CARB emission inventory and MM5 meteo-
rology is 1 h. In this work, CMAQ predicted species concen-
tration ﬁelds, averaged over the previous hour, are compared
to observations according to observational time-stamps (i.e.
observational points with time-stamps of 12:20 and 12:40
would both be compared to predictions averaged between
the hours of 12:00-13:00). The discrepancy betweenmeasured
and simulated species concentration ﬁelds and meteorological
parameters is quantitatively assessed using the following four
statistical metrics:
ME ¼ 1
N
XN
i¼1
Pi Mij j mean errorð Þ (1)
MB ¼ 1
N
XN
i¼1
Pi Mið Þ mean biasð Þ (2)
NME ¼
XN
i¼1 Pi Mij jXN
i¼1Mi
normalized mean errorð Þ (3)
NMB ¼
XN
i¼1 Pi Mið ÞXN
i¼1Mi
normalized mean biasð Þ (4)
where N, P, and M stand for the number of data points, pre-
dicted quantity, and measured quantity, respectively.
4.1. Meteorological Variables
4.1.1. Ground Site
[23] Observed and predicted temperature, relative humid-
ity (RH), and planetary boundary layer (PBL) height from
the Pasadena ground site are shown in Figure 2 and statisti-
cal metrics are given in Table 1. Overall, the agreement
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between observed and predicted PBL height in Pasadena has
a 15-day average bias of -80 m (-9%). Agreement between
observed and predicted temperature has a 15-day average
bias of 1.06∘C. The agreement between observed and pre-
dicted RH has a 15-day average bias of -10.3%. The discre-
pancies in RH are most likely a combination of underpredicted
water vapor mixing ratios and of the exponential dependence
of saturation-vapor pressure on errors in temperature (1∘C
temperature error leads to approximately 5% RH error). Addi-
tional ground-site comparisons of predicted and observed
meteorology are given in the Supplemental Material. The
results show that temperature and RH are consistently overpre-
dicted and underpredicted, respectively, during the ﬁrst week
of May, with much better agreement during the last three
weeks. Predicted wind speeds and wind directions agree to
within 2 m/s and 60∘, respectively, at all surface sites.
4.1.2. Twin Otter and P3
[24] The Twin Otter and P3 ﬂight paths and altitudes are
shown in Figures 6–11 and Appendix A Figures A1, A2,
A3, A4. Temperature and relative humidity (RH) measure-
ments from the Twin Otter and P3 ﬂights are compared to
Table 1. Statistical Metrics Based onMeasurements and Predictions
at the Pasadena Ground Site During May 2010
Parameter N ME MB NME NMB
PBL Height (m) 1179 129 -80 0.14 -0.09
Temperature (k) 24697 1.88 1.06
RH (%) 24697 11.6 -10.3
BC (mg m 3) 3918 0.19 0.03 0.48 0.07
SO24 (mg m
 3) 1860 0.93 -0.36 0.44 -0.17
NO3 (mg m
 3) 1860 2.15 -1.50 0.72 -0.50
NHþ4 (mg m
 3) 1860 1.07 -0.76 0.35 -0.25
SO2 (ppbv) 22491 0.72 0.64 2.50 2.01
HNO3 (ppbv) 22761 0.98 -0.38 0.85 -0.38
NH3 (ppbv) 366 1.51 0.45 0.74 0.22
ME = Mean Error, MB = Mean Bias, NME = Normalized Mean Error,
NMB = Normalized Mean Bias. N is the number of data points collected
during May 2010.
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Figure 6. From left to right and top to bottom: Twin Otter aircraft ﬂight path for May 24, Twin Otter
altitudes (with respect to sea level) with the ﬂight track and altitude trace are colored by the time (Paciﬁc
Standard Time) of day and time-stamps printed along each ﬂight path in 30 min increments, Fraction of
predicted particulate ammonium within the AMS transmission window, Fraction of predicted particulate
nitrate within the AMS transmission window, predicted (red) and observed (black) sulfate concentrations,
predicted (red) and observed (black) black carbon concentrations, predicted (red) and observed (black) ni-
trate concentrations, predicted (red) and observed (black) ammonium concentrations, predicted sulfate
source apportionment, Pie chart indicating the relative contribution from routes to sulfate averaged over
a given ﬂight. In the bottom legend, “Boundaries" refers to sulfate attributable to boundary conditions,
“(Aq,Gas),OX" refers to secondary sulfate produced by aqueous-phase (Aq) or gas-phase (Gas) oxidation
of SO2 by oxidant OX. “Primary SO24 " refers to sulfate emitted within the basin.
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MM5 predictions in Table 2. Observed and predicted tempera-
tures (averaged over each ﬂight) typically agree to within 4∘C,
while observed and predicted RH (averaged over each ﬂight)
typically agree to within 15%. Zhang et al. [2006] evaluated
MM5 meteorology coupled with CMAQ against measure-
ments taken during the Southern Oxidants Study, and found
similar levels of agreement between predicted and observed
temperature and RH. In the present study, the largest disagree-
ment occurred during the 21 May Twin Otter ﬂight and the
14 May P3 ﬂight, during which predicted RH was biased
low by 26.6% and 22.1%, respectively. Wind speed and
wind direction measurements onboard the Twin Otter and
the P3 are shown in Table 3. Predicted and observed wind
speeds generally agree to within 50% when averaged over
each ﬂight. Although the mean discrepancy between predicted
and observed wind direction ranges between 22-65∘, the
average predicted and observed wind direction is that of the
daytime southwesterly sea breeze which advects emissions
towards the north and northeast, exiting the Basin through
passes in the San Gabriel and San Bernardinomountain ranges
[Lu and Turco, 1995]. However, it is difﬁcult to quantify
errors in species concentrations attributable to discrepancies
between measured and observed wind vectors.
4.2. Black Carbon
4.2.1. Pasadena Ground Site
[25] Measured and predicted BC concentrations at the Pasa-
dena ground site are shown in Figure 3. The overall agreement
between predicted and observed BC concentrations is very
good, with a CalNex-average NME and NMB of 47.8% and
6.6%, respectively (Table 1). This NME of 47.8% is slightly
higher than the measurement error inherent to the SP2
(30–40%) owing mostly to large missing peaks in predicted
BC on speciﬁc days (e.g. 27 and 28 May). Because predicted
BC is chemically inert, the Pasadena ground-site is ﬁxed, and
all weekday emissions are assumed to be identical, day-to-day
variations in BC predictions at the Pasadena ground site can
only be caused by variations in the predicted meteorological
ﬁelds (e.g. wind ﬁelds). For instance, May 20 and May 27
were both Thursdays. However, the 1-h average BC predic-
tions on 27May did not get above 0.4 mg 3, while BC predic-
tions on 20May were up to 1.1 mg 3. Since the predicted PBL
heights on these days were comparable (Figure 2), variation in
the predicted wind ﬁelds is the primary cause of the day-to-day
variation in predicted BC concentrations. Therefore, if the
differences between the predicted and observed wind ﬁelds
on any given day are comparable to the day-to-day differences
in the predicted wind ﬁelds, large errors in BC predictionsmay
occur at any given point (e.g. Pasadena ground site). However,
the overall agreement between predicted and observed BC at
the Pasadena ground site (NMB = 6.6%) suggests that on
average, both wind ﬁelds and upwind BC sources are repre-
sented well by CMAQ.
4.2.2. Twin Otter and P3
[26] Measured and predicted BC concentrations from the
Twin Otter ﬂights and the P3 ﬂights during May 2010 are
shown in Figures 6–11 and Figures A1, A2, A3, A4. The
illusory differences in noise levels of the Twin Otter BC
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Figure 7. Same as Figure 6, but for the Twin Otter May 25 ﬂight.
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measurements and the P3 BC measurements exist because (1)
the P3 aircraft transitioned between high and low altitudes
many times during each ﬂight, which creates the appearance
of less noise due to very low BC concentrations at high
altitudes, and (2) the average P3 ﬂight was roughly 1.5 times
longer than the average Twin Otter ﬂight, but the x-axes in
all time-series plots are the same length. Therefore, the P3
time-series are more compressed and the true level of noise
in the measurements is somewhat obscured. To illustrate this,
all measurements from both aircraft made above 1000 m a.s.l.
have been removed and the resulting data-set is plotted as a
function of data-point number, as opposed to time, so that
the series plots are continuous (Figure S3). In addition, the
x-axis limits for all subplots in Figure S3, regardless of
the length of the ﬂight, are identical. Figure S3 shows that
the actual noise for both instruments is essentially comparable
during most ﬂights.
[27] A statistical comparison, at all altitudes and below
1000 m above sea level (a.s.l.) where local emissions inﬂu-
ence BC concentrations most, between BC predictions and
observations is given in Table 4. Although the extent of
agreement between observations and predictions varies from
ﬂight to ﬂight, the overall agreement (i.e. the 5-ﬂight aver-
age) indicates that predicted BC concentrations have a slight
positive bias (19.2%) when compared to P3 measurements
below 1000 m a.s.l., and a signiﬁcant positive bias (78.2%)
when compared to Twin Otter measurements. Visual inspec-
tion of Figures 6–11 and Figures A1, A2, A3, A4 suggests that
the CMAQ predictions capture the spatial distribution of BC
during many ﬂights, although the predicted concentration
range is biased by 53 to 116% as compared to Twin Otter
measurements below 1000 m a.s.l., and biased by -27% to
52% as compared to P3 measurements below 1000 m a.s.l.
FLEXPART back trajectory analyses indicate that highest
predicted BC concentrations exist in air masses inﬂuenced
by emissions in the Long Beach industrial area. For example,
the trajectory paths shown in Figure S4 suggest that during the
24 May ﬂight, both observed and predicted concentrations of
BC, at 11:21 (downtown Los Angeles) and 14:59 (Fontana),
occurred in air masses that were inﬂuenced by emissions near
Long Beach and downtown Los Angeles. We note that since
WRF meteorological ﬁelds were used to drive FLEXPART,
whereas MM5 meteorological ﬁelds were used to drive
CMAQ, potential inconsistencies may exist between between
the two sets of meteorology. Nevertheless, both the FLEX-
PART back trajectories and the extent of agreement between
observed and predicted BC concentrations from both aircraft
suggests that the locations of the BC sources are accurately
accounted for in the CARB BC inventory used in this study.
[28] As mentioned previously, the calibration of the SP2
onboard the Twin Otter biased BC measurements low by
12% as compared to those of the SP2 onboard the P3 [Metcalf
et al., 2012]. Since the normalized statistical metrics used in
this study are nonlinear functions of observed concentrations,
the 12% measurement bias will cause higher than 12% bias
when compared to predictions. As an example, in a 1-point
data set, if the predicted BC concentration is 1 mg m 3 and
the observed BC concentration is 0.568 mg m 3, the NMB
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Figure 8. Same as Figure 6, but for the Twin Otter May 27 ﬂight.
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will be 76.1%. However, if the measured concentration is
reduced to 0.5 mg m 3 due to the 12% instrument bias (88%
of 0.568 is 0.5), the NMB becomes 100%, which is a differ-
ence inNMB of 23.9%. Taking this difference into account
brings the NMBs from several of the Twin Otter ﬂights into
closer agreement with the higher NMBs from the P3 ﬂight.
For instance, dividing all Twin Otter measurements by 0.88
reduces the NMBs from the May 25, 27, and 28 Twin Otter
ﬂights (below 1000 m a.s.l.) to 56.5%, 34.6%, and 40.6%,
respectively, making them comparable to the NMBsmeasured
during the May 8 and 16 P3 ﬂights, which are 52.3%
and 39.5%, respectively. The precise reason for Twin Otter
observations being a factor 2 lower than predictions during
the May 21 and 24 ﬂights cannot be pinpointed at this time.
[29] Additional results showing measured and predicted
CO mixing ratios (available only for P3 ﬂights), as well as
predicted and observed ΔBC/ΔCO ratios (Figure S5), are
included in the Supplemental Material. For the comparison
shown in Figure S5, ΔBC/ΔCO values are calculated by
subtracting the minimum BC and CO measurements (back-
ground values) below 1000 m a.s.l. from all BC and CO
measurements, respectively, below 1000 m a.s.l. Data
points for which ΔCO< 1 ppbv are also removed. Note that,
owing to data points lying on top of each other in Figure S5,
the average ΔBC/ΔCO ratios (horizontal lines) can appear
lower than the spread of individual data points may suggest.
Since the accuracy of the ARCTAS-CARB CO emissions
has already been established by Wunch et al. [2009], using
measured and observed ratios of ΔBC/ΔCO reduces the
impact of inaccuracies in meteorology at locations other
than Pasadena. As shown in Figure S5, the comparisons of
ΔBC/ΔCO are in general agreement with observations, with
ratios being overpredicted during the May 8 and 16 ﬂights,
and underpredicted during the May 4, 14, and 16 ﬂights.
The agreement between surface measurements and the
P3 measurements suggests that no systematic bias exists
in the ARCTAS-CARB emission inventory, or the MM5
meteorology used in this study.
4.3. Sulfate
[30] To characterize the sources of the predicted sulfate, the
CMAQ sulfate tracking system was employed, in which sepa-
rate tracers are used to keep track of the sulfate contributions
from the formation pathways listed in Table S1. Due to the
transmission window of the AMS, the mass contributions
from the Aitken mode and the coarse mode sulfate are a
negligible fraction of the total predicted sulfate aerosol mass
(< 1%) in the applicable size range and are not shown in
Figure 4. Sulfate predicted to be formed by aqueous-phase
oxidation by methyl hydrogen peroxide (MHP) and peroxya-
cetic acid (PAA) is also predicted to be negligible. However,
Stein and Saylor [2012] show that the relative contributions
of sulfate formation pathways depend critically on the chemi-
cal mechanism used. Speciﬁcally, during the ICARTT 2004
campaign, up to 30% of the sulfate in certain locations is
attributable to the aqueous-phase oxidation of MHP when
using CMAQv4.6 with the CBIV mechanism, and very little
sulfate is attributable to PAA oxidation. However, this is likely
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Figure 9. Same as Figure 6, but for the Twin Otter May 28 ﬂight.
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an overestimation since the MHP concentrations were over-
predicted by an order of magnitude with that mechanism.
Furthermore, when using the CB05 or SAPRC99 mechan-
isms, very little sulfate is attributable to MHP oxidation,
and up to 20% is attributable to PAA oxidation. However,
this is also likely an overestimation since the PAA was
overpredicted by up to a factor of 4 when using the CB05
or SAPRC99. We are not aware of any sulfate tracking
assessments based on the SAPRC07 mechanism combined
with the ARCTAS-CARB inventory. Although Fe3 + and
Mn2+ are not model-predicted species in CMAQv4.7.1
(although they are in CMAQv5.0), prescribed background
concentrations of 0.01 mg m 3 Fe3+ and 0.005 mg m 3
Mn2+ still lead to a small, but non-negligible, portion (up to
5%) of accumulation mode sulfate forming via these routes
[Walcek and Taylor, 1986; Chang et al., 1987]. The pre-
dominant predicted accumulation mode sulfate comes from
four sources (no particular order): the inﬂow of sulfate
from the boundaries (e.g. Asian inﬂow [Lin et al., 2012]),
aqueous-phase oxidation of S(IV) by H2O2 and O3, gas-phase
photooxidation of SO2, and direct sulfate emission.
4.3.1. Pasadena Ground Site
[31] Observed and predicted sulfate and sulfur dioxide
concentrations from the CalNex Pasadena ground site are
shown in Figure 4, and statistical metrics are given in Table 1.
In addition, ground-site SO2 measurements from three loca-
tions within the L.A. Basin, taken from the CARB AQMIS
are compared to CMAQ predictions in Figure 5. As at the
Pasadena ground site, SO2 mixing ratios are over-predicted
at all locations within the L.A. Basin.
[32] Despite over-predictions in SO2, predicted sulfate
concentrations are actually biased low compared to sulfate
measurements at the Pasadena ground site, mostly due to
underestimations during the ﬁrst few days of comparison.
The relative sulfate contributions are listed in Table 5. Few
clouds are present during daylight hours, but an MM5 pre-
dicted nighttime coastal marine layer facilitates aqueous-
phase conversion of S(IV) to S(VI) in CMAQ. The predicted
−120 −118 −116
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Figure 10. From left to right and top to bottom: P3 aircraft ﬂight path for May 8, P3 altitudes (with re-
spect to sea level) with the ﬂight track and altitude trace are colored by the time (Paciﬁc Standard Time) of
day and time-stamps printed along each ﬂight path in 30 min increments, Fraction of predicted particulate
ammonium within the AMS transmission window, Fraction of predicted particulate nitrate within the
AMS transmission window, predicted (red) and observed (black) sulfate concentrations, predicted (red)
and observed (black) black carbon concentrations, predicted (red) and observed (black) nitrate concentra-
tions, predicted (red) and observed (black) ammonium concentrations, predicted sulfate source apportion-
ment, Pie chart indicating the relative contribution from routes to sulfate averaged over a given ﬂight. In
the bottom legend, “Boundaries" refers to sulfate attributable to boundary conditions, “(Aq,Gas),OX"
refers to secondary sulfate produced by aqueous-phase (Aq) orgas-phase (Gas) oxidation of SO2 by oxi-
dant OX. “Primary SO24 " refers to sulfate emitted within the basin.
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marine layer evaporates during the day, but the cloud-processed
sulfate remains airborne. At the Pasadena ground-site,
enhancements in the relative sulfate contributions from
aqueous-phase oxidation of SO2 are not directly propor-
tional to over-predictions in SO2 emissions owing partially
to the nonlinear pH dependence of the rate of S(IV) oxida-
tion by O3. More speciﬁcally, the second-order reaction rate
constant for the S(IV)-O3 reaction varies by up to four
orders of magnitude for aerosol pH ranging from 1 to 6
[Seinfeld and Pandis, 2006]. Production of sulfate via this
reaction lowers the pH and slows down the reaction. In
addition, if the oxidants H2O2 and O3 are the limiting
reactants, the impacts of overestimated SO2 emissions will
also be lessened. Sulfate formation via gas-phase oxidation
of SO2 should respond more linearly to increases in SO2
concentrations. However, the lifetime of SO2 against the
hydroxyl radical is relatively long (1 week, Seinfeld and
Pandis [2006]) and only represents 7% of the average
predicted sulfate at the Pasadena ground site. Long-range
transport of sulfate is predicted (CMAQ) to account for
26% of the sulfate measured at the Pasadena ground-site.
4.3.2. Twin Otter and P3
[33] Observed and predicted sulfate concentrations from the
Twin Otter and P3 ﬂights are shown in Figures 6–11 and
Figures A1, A2, A3, A4. A statistical comparison between
sulfate predictions and observations is given in Table 6. The
average predicted sulfate concentration is biased high by
55% to 268% as compared to Twin Otter measurements, and
biased by 0% to 71% as compared to P3 measurements
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Figure 11. Same as Figure 10, but for the P3 May 14 ﬂight.
Table 2. Statistical Metrics Based on Measured and Predicted
Temperature and Relative Humidity for Twin Otter and P3 Flights
During May 2010
Flight Date N ME [∘C] MB [∘C]
Temperature (Twin Otter)
21 189 3.89 3.88
24 167 3.33 3.32
25 334 2.21 2.21
27 219 1.55 -1.23
28 239 0.75 -0.23
Temperature (P3)
4 17219 2.12 0.60
8 25439 2.10 1.60
14 22258 3.77 3.33
16 27899 2.17 0.92
19 24239 1.67 0.71
Flight Date N ME [%] MB [%]
Relative Humidity (Twin Otter)
21 189 26.7 -26.6
24 167 9.99 -9.13
25 334 5.76 -5.12
27 219 10.5 5.67
28 239 7.16 -0.33
Relative Humidity (P3)
4 17219 12.3 -0.47
8 25439 14.6 -1.00
14 22258 24.9 -22.1
16 27899 16.1 -7.91
19 24239 8.89 -2.49
ME = Mean Error, MB = Mean Bias. N is the number of data points
collected during a given ﬂight.
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(Table 6). Moreover, the relative contributions predicted
from each sulfate source vary considerably for both aircraft
depending on the individual ﬂight path.
[34] A signiﬁcant fraction of the predicted sulfate (airborne
and ground-based) comes from direct sulfate emission and
boundary inﬂow of sulfate, both of which are independent of
SO2 concentrations (Table 5 and Figures 6–11). That direct
sulfate emission contributes a signiﬁcant fraction of the
predicted sulfate in the L.A. Basin can be understood via anal-
ysis of the CARB sulfur emission inventory (Tables S4
and S5). The CARB sulfur emission inventory includes gas-
phase SO2 emissions, gas-phase H2SO4 emissions, and
particle-phase SO24 emissions (i.e. direct sulfate emission).
Since, sulfuric acid is highly water-soluble and has an
extremely low vapor pressure, it is assumed to enter the
particle-phase immediately upon emission. Therefore, direct
sulfate emissions include both direct emission of sulfate and
direct emission of sulfuric acid. The ratio (by mass) of the
different sulfur emissions in the CARB inventory, (H2SO4 +
SO24 )/(H2SO4 + SO
2
4 + SO2) within the Basin is5%. How-
ever, since only a fraction of the SO2 emitted is converted to
sulfate, the sulfate from primary emissions will account for
more than 5% of the total sulfate measured at the ground site
and by the aircraft [Dominguez et al., 2008]. As shown in
Figure 10 and 11, sharp increases in predicted sulfate were
predicted but not measured by the P3 near Long Beach (e.g.
8 May just before 13:00 and 14 May just after 13:00). Simi-
larly, FLEXPART back trajectories suggest that during the
21 May ﬂight (at 11:23 and 13:57, speciﬁcally), the Twin
Otter intercepted air masses that had been inﬂuenced by emis-
sions near Long Beach (Figure S6) and should have contained
high concentrations of primary sulfate. Since such hot spots
of primary sulfate near Long Beach were generally not
observed by the Twin Otter (Figures A1, 6, and 7), one
concludes that the major source of disagreement between
predicted and observed sulfate is most likely attributable
to the emission inventory.
[35] Sulfate concentrations measured onboard the Twin
Otter were below 1 mg m 3 on 21, 24, and 25 May and
showed little spatial variation. For these three ﬂights, the
predicted sulfate attributable to the GEOS-Chem boundary
conditions represents 43-58% of the total predicted sulfate
and accounts for almost the entire measured sulfate. Boundary
Table 4. Statistical Metrics Based on Measured and Predicted
Black Carbon Concentrations, at All Altitudes and Below 1000 m
Above Sea Level, for Twin Otter Flights and P3 Flights During
May 2010
Flight Date N
ME
[mg m 3]
MB
[mg m 3] NME NMB
Black Carbon (Twin Otter, all altitudes)
21 8537 0.23 0.19 1.08 0.90
24 6503 0.13 0.15 1.16 1.04
25 8256 0.13 0.11 0.84 0.70
27 8133 0.12 0.09 0.73 0.53
28 8700 0.14 0.11 0.79 0.60
5-ﬂight average 40129 0.15 0.12 0.91 0.74
Black Carbon (Twin Otter, below 1000 m a.s.l.)
21 6794 0.27 0.25 1.20 1.09
24 4117 0.17 0.16 1.26 1.16
25 5406 0.16 0.14 0.89 0.78
27 8133 0.12 0.09 0.73 0.53
28 8656 0.14 0.11 0.80 0.60
5-ﬂight average 33106 0.17 0.14 0.94 0.78
Black Carbon (P3, all altitudes)
4 16923 0.07 0.00 0.58 0.01
8 25257 0.08 0.04 0.74 0.32
14 18974 0.14 0.05 0.83 0.30
16 21273 0.10 0.07 1.32 1.01
19 23610 0.08 -0.03 0.47 -0.12
5-ﬂight average 106037 0.09 0.03 0.79 0.31
Black Carbon (P3, below 1000 m a.s.l.)
4 3527 0.13 -0.04 0.48 -0.13
8 11184 0.13 0.09 0.75 0.52
14 10803 0.16 0.02 0.62 0.09
16 9791 0.08 0.06 0.60 0.40
19 7518 0.17 -0.12 0.40 -0.27
5-ﬂight average 42823 0.13 0.02 0.60 0.19
ME = Mean Error, MB = Mean Bias, NME = Normalized Mean Error,
NMB = Normalized Mean Bias. N is the number of data points collected
during a given ﬂight.
Table 3. Statistical Metrics Based on Measured and Predicted
Wind Magnitudes and Directions for Twin Otter and P3 Flights
During May 2010
Flight Date N ME [m/s] MB [m/s] NME NMB
Wind Magnitudes (Twin Otter)
21 180 1.89 1.19 0.38 0.23
24 167 1.79 -0.61 0.36 -0.12
25 334 1.89 0.49 0.37 0.10
27 219 2.04 0.98 0.56 0.27
28 239 2.00 2.11 0.55 0.52
Wind Magnitudes (P3)
4 17219 2.33 -0.48 0.48 -0.10
8 25439 2.15 1.06 0.27 0.14
14 22258 1.69 0.57 0.55 0.19
16 27899 2.10 -0.26 0.41 -0.05
19 24239 4.03 -2.63 0.48 -0.31
Flight Date N ME [deg] θobs [deg] θmod [deg]
Wind Directions (Twin Otter)
21 180 23.8 242 254
24 167 40.7 228 253
25 334 28.8 209 223
27 219 36.9 225 242
28 239 22.5 240 246
Wind Directions (P3)
4 17219 64.0 263 239
8 25439 24.2 263 276
14 22258 65.1 203 206
16 27899 54.5 224 230
19 24239 25.2 278 267
ME = Mean Error, MB = Mean Bias, NME = Normalized Mean Error,
NMB = Normalized Mean Bias, and θ = average wind direction. N is the
number of data points collected during a given ﬂight. The wind directions θobs
and θmod are the observed and modeled wind directions, respectively, in units
of degrees (0∘≤ θ≤ 360∘ ). Wind direction, θ, is deﬁned as the direction from
which the wind is blowing, and is measured in degrees clockwise from true
north.
Table 5. Relative Contributions to Predicted Sulfate Concentra-
tions at the Pasadena Ground Site Averaged Over 15-30 May 2010
Sulfate Pathway Predicted contribution (%)
Boundary inﬂow 26
Aq, O3 6
Aq, H2O2 29
Aq, O2 (FEMN) 4
Gas, OH 7
Primary SO24 28
“Boundary inﬂow" refers to sulfate attributable to boundary conditions,
“(Aq,Gas),OX" refers to secondary sulfate produced by aqueous-phase (Aq)
or gas-phase (Gas) oxidation of SO2 by oxidant OX. “Primary SO24 " refers
to sulfate emitted within the basin. “FEMN" refers to catalysts Fe3+ and Mn2+
ENSBERG ET AL.: CALNEX INORGANIC AND BC AEROSOL
1791
inﬂow of sulfate affects predicted sulfate concentrations along
P3 ﬂight paths in a similar manner. That the sulfate boundary
conditions exert a noticeable impact on sulfate concentrations
within the basin is not totally unexpected. For instance,Huang
et al. [2011] evaluated the inﬂow of sulfur oxides (SOx = SO2
+ SO24 ) to the South Coast (SC) of California by comparing
predictions from the STEM atmospheric chemical transport
model against aircraft measurements during the ARCTAS-
CARB campaign [Jacob et al., 2010] in June 2008. They esti-
mated that elevated SOx levels at altitudes between 1-4 km
enhanced SO24 surface levels by a maximum of 0.13 ppb
(0.13 ppb SO24 ’ 0.5 mg m 3 at 1 atmosphere and 300 K)
during this time period. Despite the inﬂuence of long-range
SOx transport, Huang et al. [2011] found that near-surface
SOx concentrations were mostly inﬂuenced by local emissions
and estimated that the 2005 CARB sulfur emissions were low
by about a factor of two. This is in contrast to our ﬁndings
which suggest that the 2008 CARB SO2 emissions are overes-
timated (Figure 5). Since the sulfur emission inventory used in
Huang et al. [2011] is similar to that used in this study, the
most likely explanation is that SO2 emissions have decreased
from 2008 to 2010, which is consistent with sulfur emission
regulations that went into effect during those two years.
[36] The CMAQ sulfate source apportionment presented
in this study suggests that, with the current sulfur emission
inventory based on emission factors from 2008, long-range
transport of sulfate accounts for 22-82% of the sulfate in
the L.A. Basin. However, if the reductions in sulfur emis-
sion factors reported by Lack et al. [2011] (90%) were to
be included in the simulations, unlike the results presented
inHuang et al. [2011], the boundary inﬂow of sulfate would
become the single largest contributor to predicted sulfate
concentrations in the L.A. Basin. Future work should
continue to quantify the impact of foreign and domestic
emissions on Southern California air quality as this is
crucial for determining the potential efﬁcacy of emission
control strategies, and establishing the necessity for interna-
tional collaboration.
4.4. Ammonium and Nitrate
[37] Ammonium nitrate aerosol is semivolatile and con-
tinuously partitions between the gas- and aerosol-phase.
The distributions of total ammonium (NH3 + NH
þ
4 ) and total
nitrate (NO3 + HNO3) between the gas- and aerosol-phases
are sensitive to the relative concentrations of other ions such
as sulfate, sodium, and chloride, as well as meteorological
factors such as temperature and relative humidity.
4.4.1. Pasadena Ground Site
[38] Particulate ammonium and nitrate predictions are
generally biased low at the Pasadena ground site (Table 1).
Aside from the large over-prediction on 24 May, NH3 con-
centrations are well predicted (average bias of 22%), and
predicted HNO3 concentrations have a 15-day average bias
of -38%. Nowak et al. [2012] used observations from the
P3 aircraft during CalNex to show that the NH3 emissions
from automobiles in the CARB inventory are fairly accurate
and contribute 60 metric tons day 1 to the NH3 budget
within the L.A. Basin. Nowak et al. [2012] also found the
NH3 emissions from dairy facilities in the eastern part of
the L.A. Basin are likely understated by up to a factor of
20. Since, strictly during the daytime, the Pasadena ground
site is downwind of downtown L.A., but upwind of the dairy
facilities, the predicted and observed NH3 at this location is
represented well within CMAQ.
[39] Ground-site NOx (NO + NO2) measurements taken
from the CARB AQMIS are compared to CMAQ predictions
in Figure 5. NOx mixing ratios are over-predicted by a factor
of2 at the three locations (North Long Beach, L.A.Westche-
ster, and L.A. North Main Street location). Although slight
over-predictions of temperature and under-predictions of RH
artiﬁcially shift particulate ammonium and nitrate to the gas-
phase, both particulate nitrate and nitric acid concentrations
are underpredicted from 15-20 May. Since SO 24 , HNO3,
NO3 , and NH
þ
4 are underpredicted during the ﬁrst week of
comparison, but are in better agreement with predictions
during the second week, and since these species have different
upwind sources, it is likely that errors in predicted wind ﬁelds,
as opposed to uncertainties in the CARB emission inventory,
are responsible for disagreement during the ﬁrst week of
comparison. Uncertainties/inaccuracies in predicted sea-salt
emissions may also inﬂuence the agreement between predic-
tions and observations at the Pasadena ground site, as will be
discussed in the next section.
Table 6. Statistical Metrics Based on Measured and Predicted
Particulate Sulfate, Ammonium, and Nitrate Concentrations for
Twin Otter and P3 Flights During May 2010
Twin Otter
Flight Date N ME [mg m 3] MB [mg m 3] NME NMB
Sulfate
21 185 1.30 1.30 2.68 2.68
24 172 0.28 0.27 0.84 0.82
25 337 0.39 0.39 1.11 1.11
27 224 0.50 0.44 0.62 0.55
28 244 0.53 0.46 0.77 0.65
Ammonium
21 185 0.92 -0.77 0.62 -0.52
24 172 0.29 -0.14 0.68 -0.33
25 337 0.54 -0.51 0.60 -0.56
27 224 0.59 -0.47 0.46 -0.36
28 244 0.42 -0.20 0.46 -0.22
Nitrate
21 185 1.64 -1.47 0.73 -0.65
24 172 0.80 -0.50 0.84 -0.52
25 337 1.17 -0.94 0.72 -0.58
27 224 1.24 -0.85 0.52 -0.35
28 244 0.93 -0.37 0.61 -0.24
P3
Flight Data N ME [mg m 3] MB [mg m 3] NME NMB
Sulfate
4 1722 0.26 0.24 0.79 0.71
8 2544 0.41 0.20 0.65 0.32
14 2226 0.47 0.16 0.59 0.20
16 2790 0.33 0.00 0.33 0.00
19 2424 0.20 0.02 0.33 0.02
Ammonium
4 1722 0.23 -0.11 0.77 -0.36
8 2544 0.27 -0.17 0.65 -0.42
14 2226 0.33 -0.15 0.64 -0.28
16 2790 0.47 -0.38 0.65 -0.52
19 2424 0.70 -0.65 0.71 -0.65
Nitrate
4 1722 0.50 -0.31 0.99 -0.62
8 2544 0.51 -0.38 0.93 -0.68
14 2226 0.62 -0.37 0.91 -0.55
16 2790 0.94 -0.77 0.94 -0.76
19 2424 2.03 -1.99 0.80 -0.78
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4.4.2. Twin Otter and P3
[40] Observed and predicted particulate nitrate and ammo-
nium concentrations from the Twin Otter and P3 ﬂights are
shown in Figures 6–11 and Figures A1, A2, A3, A4. Statis-
tical metrics for inorganic aerosol species from both aircraft
are given in Table 6. The fraction of simulated mass the
AMS would measure is determined by taking the ratio of
predictions that have been modiﬁed to match the AMS trans-
mission efﬁciency to the total, unmodiﬁed inorganic aerosol
concentration predictions. As shown in Figures 6–11 and
Figures A1, A2, A3, A4, application of the AMS transmission
efﬁciency results in the removal of 35% of the total
predicted particulate sulfate and ammonium, and 20-100%
(higher removal at low altitudes where sea-salt is present) of
the total predicted nitrate during all ﬂights. Since all predicted
inorganic components are assumed to be in a metastable state
(i.e. an aqueous electrolyte solution), predicted coarse mode
particulate nitrate forms when HNO3 reversibly condenses
onto coarse NaCl particles via solution thermodynamics
[Kelly et al., 2010]. This causes a signiﬁcant fraction of the
predicted particulate nitrate to reside in the coarse aerosol
mode, while ammonium and sulfate reside primarily within
the accumulation mode. Since sea-salt emissions are modeled
online in CMAQv4.7.1, variations in wind speed lead to ﬂuc-
tuations in sea-salt emissions, and therefore different distribu-
tions of nitrate between the accumulation mode and the coarse
mode. As shown in Figure S7, the day-to-day differences in
sodium emissions can be substantial. Therefore, the differ-
ences in the fraction of nitrate removed by the AMS transmis-
sion curve along somewhat similar ﬂight paths is likely
attributable to the amount of sea-salt emitted. For instance,
the amount of predicted nitrate removed as a result of the
AMS transmission efﬁciency curve is 40% on the 27 May
ﬂight and55% on the 28May ﬂight, which is consistent with
the sea-salt emissions on May 28 being much greater than on
May 27 (Figure S7). Adding size-resolved sodium and nitrate
measurements, up to 10 mm, at various monitoring sites in the
L.A. Basin would help unravel the impacts of anthropogenic
and natural emissions on inorganic aerosol formation.
[41] Gas-phase measurements of HNO3 and NH3 were not
conducted on the Twin Otter, so one cannot determine based
on that data set alone if discrepancies between particulate
ammonium and nitrate observations and predictions are the
result of errors in the NOx (NO + NO2) emissions, NH3
emissions, or predictions of HNO3 within the SAPRC07TC
chemical mechanism. However, HNO3 and NH3 measure-
ments were conducted onboard the P3 aircraft (Figures 10,
11 and Figures A2, A3 and Table 7). As stated previously,
Nowak et al. [2012] estimated, via mass balance, that the
NH3 emissions from automobiles in the CARB inventory
are consistent with their measurements (60 metric tons
day 1), but that the CARB inventory underestimates NH3
emissions from dairy facilities by a factor of 3-20. By con-
ducting a formal 3-D simulation, we not only corroborate
the conclusions of Nowak et al. [2012], but also show that
NH3 mixing ratios can be under-predicted by factors as high
as 102 103 (Figure 16). Moreover, sharp increases in submic-
rometer ammonium and nitrate measurements downwind of
dairy facilities (e.g. Figure 11 just before 14:00) can be attrib
uted entirely to point-source dairy NH3 emissions. As these
sharp increases in ammonium and nitrate are consistently
missed by predictions, severely underpredicted NH3 emissions
from dairy facilities is identiﬁed as the dominant source of mea-
surement/model disagreement in the eastern L.A. Basin.
Upwind of dairies, predicted NH3 mixing ratios are in better
agreementwith observations (see “no dairy"metrics in Table 7).
Similarly, HNO3 mixing ratios are generally predicted well
during the P3 ﬂights (NME typically0.5) with the most nota-
ble exception being 14May between 11:00 and 12:00 when the
aircraft ﬂew off the coast. HNO3 and NOx contour maps (not
shown) suggest that the over-predictions on 14 May are caused
by overstated coastal NOx emissions (Figure 5).
[42] Even though gas-phase measurements were not taken
onboard the Twin Otter, the impact of understated ammonia
emissions and underpredicted total nitrate concentrations can
be seen in the particulate ammonium and nitrate measurements
(Figures 6–8). For instance, as shown in Figures 6 and 7,
particulate ammonium and nitrate concentrations are signiﬁ-
cantly under-predicted in the eastern part of the L.A. Basin
before the Twin Otter ﬂew into the outﬂow regions at 12:30
and 14:30 during the 21 May ﬂight. These under-predictions
are exacerbated by an under-prediction of RH by 26.6%
(ﬂight average, Table 2). Particulate ammonium and nitrate
concentrations are also under-predicted in the eastern part of
the L.A. Basin during the 24 (between 13:00 and 15:00), 25
(between 13:30 and 15:30), and 27 (just after every hour)
ﬂights. Both predicted and observed nitrate concentrations
are 2 times higher in the eastern part of the L.A. Basin on
25 May as compared to 24 May. The differences in nitrate
concentrations are potentially attributable to warmer
temperatures and lower RHs (predicted and observed) that
shift both predicted and observed particulate nitrate to the
gas-phase during the 24 May ﬂight.
[43] Given that surface-level NOx concentrations are gen-
erally over-predicted (Figure 5), one might expect the total
nitrate mixing ratios to be over-predicted. However, as
shown in Figure S8 and given in Table S2, the predicted total
nitrate mixing ratios (within the AMS transmission window)
agree with observations to within 50% NME, but tend to be
Table 7. Statistical Metrics Based on Measured and Predicted
Ammonia and Nitric Acid Mixing Ratios for P3 Flights During May
2010
P3
Flight Date N ME [ppbv] MB [ppbv] NME NMB
Nitric Acid
4 17219 0.92 -0.54 0.46 -0.27
8 25439 0.86 0.15 0.56 0.09
14 22258 2.50 2.32 1.96 1.82
16 27899 0.60 0.09 0.41 0.06
19 24239 0.96 -0.31 0.46 -0.15
Ammonia
4 17219 2.96 -2.00 0.81 -0.55
8 25439 3.37 -3.00 0.98 -0.60
14 22258 3.80 -3.11 0.72 -0.59
16 27899 2.78 -2.05 0.86 -0.63
19 24239 12.38 -12.31 0.91 -0.90
Ammonia (no dairy)
4 17219 1.39 -0.15 0.78 -0.09
8 25439 2.17 -1.98 0.60 -0.55
14 22258 1.25 -0.83 0.47 -0.31
16 27899 0.82 -0.34 0.77 -0.32
19 24239 2.80 -2.73 0.67 -0.68
Statistical metrics based on ammonia measurements in the “no dairy"
column are calculated excluding all data points east of longitude 117.7∘W.
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under-predicted. There are several potential explanations
for this. (1) Since the daytime production of HNO3 occurs
via gas-phase oxidation of NO2 (OH + NO2 ! HNO3), the
predicted OH concentration, which is highly dependent on
the concentrations of hydrocarbons and other oxidants, may
be too low. (2) The rate of conversion of NO to NO2, which
is also highly dependent on the concentrations of hydrocar-
bons and other oxidants, may be limiting. (3) The nighttime
heterogeneous reaction of N2O5 (N2O5(g) + H2O(s) !
2HNO3) may be understated. (4) If the predicted particulate ni-
trate mass concentrations are correct, but the size distributions
predicted by CMAQ are inaccurate, the amount of predicted
particulate nitrate could be biased low once predictions are
adjusted to match the size-dependent transmission efﬁ-
ciency of the AMS. (5) Inaccurate shifting of total nitrate
from the particle phase to the gas phase for various potential
reasons (e.g. over-predicted temperature, under-predicted
RH, over-predicted SO24 concentrations, under-predicted
NH3 emissions) may artiﬁcially enhance the removal of
total nitrate from the system due to faster dry deposition
rates for gas-phase HNO3 [Dzepina et al., 2009]. (6) Coarse
cations (either from sea-salt particles or crustal species from
dust emissions) may signiﬁcantly reduce HNO3 concentra-
tions via condensation of HNO3 onto deliquesced particles
to form non-refractory coarse nitrate [Fountoukis et al.,
2009; Hsu et al., 2007; Moya et al., 2002; Jacobson, 1999].
[44] We focus on the possibilities (4) and (6) regarding total
nitrate underpredictions and defer a detailed analysis regard-
ing the extent to which the other four sources of inaccuracy/
uncertainty impact the amount of total nitrate predicted as
the subject of future work. We note, however, that positive
temperature biases and negative RH biases (Table 2), as
well as positive sulfate biases (Table 6) and negative ammo-
nia biases (Table 7), suggest that several of these possible
factors contribute to shifting of predicted particulate nitrate
to the gas-phase, thereby artiﬁcially enhancing total nitrate
removal via dry deposition. To examine the hypothesis that
total nitrate concentrations are underpredicted during most
ﬂights due to inaccurate distribution of total nitrate between
the gas-phase, the ﬁne aerosol-phase, and the coarse aerosol-
phase, we present statistical metrics for all ﬁve P3 ﬂights
(Table S2) with and without the AMS transmission curve
applied to predictions. When the AMS transmission efﬁciency
is taken into consideration, total nitrate concentrations are
underpredicted during four of the ﬁve P3 ﬂights by 0-42%
(Table S2). However, when full transmission (i.e. all predicted
particulate nitrate and gas-phase nitric acid) is assumed, total
nitrate concentrations are still underpredicted by up to 33%
during the 4, 16, and 19 May ﬂights. Since coarse particles
were not measured onboard the Twin Otter or P3, the accuracy
of the coarse mode nitrate predictions cannot be assessed.
However, by comparing predicted and observed concentra-
tions of total nitrate, assuming full transmission (Table S2),
we show that regardless of whether nitrate is predicted to
form ammonium nitrate, nitric acid, or coarse nitrate (e.g.
sodium nitrate, calcium nitrate, potassium nitrate, etc.), on
most days predicted total nitrate concentrations are simply
not high enough. We deduce that the two likeliest causes
of this are: (1) there is a missing source of HNO3, or (2) the
inaccurate distribution of total nitrate between the gas-phase
and the two aerosol modes artiﬁcially enhances the removal
of nitrate via dry deposition.
4.4.3. Impact of Crustal Species on Ammonium and
Nitrate
[45] Several studies have shown that crustal species
(Mg2+, K+, Ca2 +), from both anthropogenic emissions and
fugitive dust, can potentially inﬂuence the thermodynamic
partitioning of ammonium and nitrate aerosol between the
gas-phase and both ﬁne and coarse aerosol modes [Fountoukis
et al., 2009; Moya et al., 2002; Jacobson, 1999]. Dominant
sources of crustal species include unpaved and paved roads,
agricultural tilling, construction dust, and sand and gravel
from mining and quarry operations [Reff et al., 2009]. Asses-
sing the impacts of crustal species requires representation of
fugitive dust emissions, anthropogenic dust emissions, and
chemical speciation proﬁles to determine the mass fraction
of crustal elements within the dust. All three of these inputs
are not well constrained on regional and global scales. For
example, in a modeling study of the April 2001 dust storm
episode over the trans-Paciﬁc domain, Wang et al. [2012]
assume that 10% of emitted crustal species reside in the ﬁne
mode and 90% reside in the coarse mode based on results pre-
sented in Midwest Research Institute, 2005, and use a static
speciation proﬁle based on Van Pelt and Zobeck [2007] to
map 0.10%, 0.17%, and 0.071% of fugitive dust to K+,
Ca2+, and Mg2+, respectively. In contrast, in CMAQv5.0,
80% of fugitive dust emissions are assumed to reside in
the coarse mode and 20% in the ﬁne mode. In CMAQv5.0,
a static speciation proﬁle is used to map 3.8%, 7.9%, and
0.0% of all windblown dust to K+, Ca2 +, and Mg2+, respec-
tively (http://www.cmaq-model.org/cmaqwiki/index.php?
title=CMAQv5.0_PMother_speciation), while ﬁne mode soil
dust requires source speciﬁc speciation proﬁles available from
the EPA SPECIATE database (http://www.epa.gov/ttnchie1/
software/speciate/). One concludes that simulating dust emis-
sions of crustal species is quite uncertain. Despite this high
uncertainty, the potential inﬂuence of crustal species on aerosol
formation suggests that this be addressed, if only approximately.
[46] Crustal species are not represented explicitly in the
standard CMAQv4.7.1 model, and the ARCTAS-CARB
emission inventory does not contain speciated crustal emis-
sion rates. However, the ARCTAS-CARB emission inventory
does include two species, PMﬁne and PMcoarse, which repre-
sent primary, unspeciated, ﬁne and coarse mode particulate
emissions, respectively.Within CMAQv4.7.1, 90% of PMcoarse
emissions are assigned to the inert species ASOIL, which
represents all coarse-mode, soil-derived, fugitive dust emis-
sions, and 10% are assigned to the inert species ACORS,
which represents non-fugitive dust emissions from anthropo-
genic sources such as diesel trucks. All ﬁne dust emissions
are assigned to the unspeciated accumulation-mode species
Table 8. Speciation of Primary PMﬁne and PMcoarse Emissions
Into Ca2 +, K+, and Mg2+
Fine Mode Species Reff et al. [2009]
Ca2+ 0.0386A25J
K+ 0.0309A25J
Mg2+ 0.00368A25J
Coarse Mode Species CMAQv5.01
Ca2+ 0.0838ASOIL + 0.0562ACORS
K+ 0.0242ASOIL + 0.0176ACORS
Mg2+ 0.0000ASOIL + 0.0032ACORS
1ASOIL = 0.9PMcoarse, ACORS = 0.1PMcoarse, A25J = PMﬁne
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A25J (A = aerosol, 25 = PM2.5, J = accumulation mode).
Long-range transport of ﬁne and coarse dust is accounted
for via nested GEOS-Chem simulations of chemically inert
dust species (http://wiki.seas.harvard.edu/geos-chem/index.
php/Mineral_dust_aerosols).
[47] Due to a lack of information, we use static speciation
proﬁles to assign the fractions of ACORS/ASOIL and A25J
to coarse and ﬁne mode crustal species, respectively (Table 8).
Fine mode speciation proﬁles listed in Table 8 are taken
directly from Figure 3 of Reff et al. [2009], and are based on
average speciation proﬁles from the U.S. National Emission
Inventory (2001). Coarse mode speciation proﬁles listed in
Table 8 are taken directly from the static speciation proﬁles
used in CMAQv5.0, which are based on a combination of
speciation proﬁles from the EPA SPECIATE database. We
have modiﬁed CMAQv4.7.1 to use ISORROPIAII, which
allows for the inclusion of crustal species in thermodynamic
calculations. We have not modiﬁed any other simulated pro-
cesses (e.g. dry deposition, wet deposition, sea-salt emissions,
aqueous-phase chemistry) to account for the chemical specia-
tion of dust aerosol. As in the unmodiﬁed CMAQv4.7.1
model, mass is partitioned between the gas- and aerosol-
phases according to the hybrid method [Capaldo et al., 2000]
[48] For the sake of brevity, we restrict our analysis of
crustal species to the P3 ﬂights. Figure 12 shows particulate
(still corrected for AMS transmission window) predicted
along P3 ﬂight paths, with and without crustal species. The
results suggest that, with the inclusion of crustal species,
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Figure 12. Scatter plots showing predicted ammonium and nitrate concentrations, with and without crustal
species, along ﬁve P3 ﬂight paths. Ammonium and nitrate predictions have been corrected to account for the
transmission window of the AMS. The 1–1, 1–2, and 2–1 lines are included for reference.
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ammonium concentrations consistently decrease, while ni-
trate concentrations can increase, decrease, or remain virtu-
ally unchanged. Jacobson [1999] showed that, depending
on the environment (e.g. ammonia limited, nitric acid
limited), coarse crustal species can increase, decrease, or
have virtually no effect on the predicted amount of coarse-
mode nitrate. Nitrate concentration increases are caused by
crustal cations driving nitric acid into the particle phase to
maintain charge balance. Nitrate concentration decreases
are caused by crustal cations increasing mixed activity
coefﬁcients and driving ammonium nitrate aerosol into
the gas phase. When these two effects roughly cancel each
other, nitrate concentrations remain unchanged and ammo-
nium also gets shifted to the gas phase, or to a different
aerosol mode (e.g. coarse aerosol phase). Figure S9 shows
time-series plots of Ca2+, K+, and Mg2+ concentrations
predicted along the ﬁve P3 ﬂight paths, as well as the
amount of additional ﬁne and coarse mode nitrate that could
potentially be neutralized by the crustal cations. Using the
speciation proﬁle listed in Table 8, predicted coarse mode
Ca2 + concentrations are typically higher than ﬁne mode
concentrations, ﬁne and coarse mode K+ concentrations are
comparable, and Mg2+ is present only in the ﬁne aerosol
mode. Since crustal species are predicted to be present in
both ﬁne and coarse modes, it is difﬁcult to decouple the
impacts aerosol modes have on each other. Overall, the
inclusion of crustal species tends to decrease submicrometer
ammonium aerosol, and increase or decrease submicrometer
nitrate aerosol depending on the relative concentrations of
dust. However, other than the May 4 P3 ﬂight, the results
presented in Figure 12 indicate that the impact of crustal
species is not very substantial, most likely due to low crustal
species concentrations predicted along the P3 ﬂight paths.
Moreover, these results would be even less pronounced if
the speciation factors from Van Pelt and Zobeck [2007]
were to be used since they are roughly an order of magni-
tude lower than those listed in Table 8. These results suggest
that the exclusion of crustal species in thermodynamic
calculations is not the dominant source of error between
predicted and observed ﬁne ammonium and nitrate concen-
trations. Future work should focus on acquiring chemically-
resolved and size-resolved (up to 10 mm) measurements of
crustal species, sea-salt, and nitrate.
5. Summary and Conclusions
[49] A detailed three-dimensional chemical transport
model (CMAQ version 4.7.1), which contains state-of-the-
science gas-phase chemistry and aerosol thermodynamics,
was applied during the May 2010 CalNex campaign in the
Los Angeles Basin. Boundary conditions were extracted from
a nested global-scale GEOS-Chem model (version 9.1.1)
simulation. Input meteorology and emission inventories were
provided by the CARB. Inorganic and BC aerosol predictions
were compared against the suite of ground-based and air-
borne measurements taken from various CIRPAS Twin
Otter and WP-3D ﬂights. The FLEXPART Lagrangian
particle dispersion model is used to determine the trajecto-
ries of air parcels that reached the aircraft.
[50] Comparisons of predicted and observed BC measure-
ments at the Pasadena ground site suggest that potentially
large peaks in measured BC concentrations may be missed
on any given day, owing most likely to inaccuracy in the
predicted wind ﬁelds, but are generally represented well by
CMAQ. BC predictions are consistently higher than obser-
vations onboard the Twin Otter, which is at least partially
due to a systematic bias inherent to the SP2 onboard. How-
ever, predicted and observed BC concentrations and ΔBC/
ΔCO ratios along P3 ﬂight paths suggests that no systematic
bias exists in the ARCTAS-CARB BC emission inventory
or the MM5 meteorology.
[51] SO2 concentrations are consistently overpredicted at
surface sites, while the agreement between predicted and
observed sulfate concentrations is variable. Sulfate is over-
predicted by 55%-268% as compared to Twin Otter measure-
ments, 0%-71% as compared to P3 measurements, and is
actually under-predicted by 17% as compared to observations
at the Pasadena ground site. The sulfate source apportionment
presented in this study suggests that, with the current sulfur
emission inventory based on emission factors from 2008,
long-range transport of sulfate accounts for a substantial frac-
tion (22-82%) of the sulfate in L.A. Basin. However, if the
reductions in sulfur emission factors reported by Lack et al.
[2011] (90%) were to be included in simulations, unlike
the results presented in Huang et al. [2011], the boundary
inﬂow of sulfate would become the single largest contributor
to predicted sulfate concentrations in the L.A. Basin.
[52] Severely underpredicted NH3 emissions from dairy
facilities are identiﬁed as the dominant source of measurement/
model disagreement in the eastern L.A. Basin. By compar-
ing predicted and observed concentrations of total nitrate,
with and without applying the AMS transmission window,
we show that, regardless of whether nitrate is predicted to
form ammonium nitrate, nitric acid, or coarse nitrate (e.g.
sodium nitrate, calcium nitrate, potassium nitrate, etc.), on
most days predicted total nitrate concentrations are simply
not high enough. We deduce that the two likeliest causes
of this are: (1) there is a missing source of HNO3, or
(2) the inaccurate distribution of total nitrate between the
gas-phase and the two aerosol modes artiﬁcially enhances
the removal of nitrate via dry deposition. We estimate that,
for most P3 ﬂights, the exclusion of crustal species in
thermodynamic calculations is not the dominant source of
error between predicted and observed ﬁne ammonium and
nitrate concentrations. However, as stated previously, there
is considerable uncertainty in all parameters used in the
crustal sensitivity simulation, and we are reluctant to draw
conclusions based on this study alone.
[53] This work, as part of the CalNex campaign, provides
an up-to-date characterization of the inorganic and black
carbon fraction of the Los Angeles Basin particulate matter.
Adding gas-phase NH3 measurements and size-resolved
measurements, up to 10 mm, of nitrate and various cations
(e.g. Na+, Ca2 +, K+, Mg2+) to routine monitoring stations
in the L.A. Basin would facilitate interpreting day-to-day ﬂuc-
tuations in ﬁne and coarse inorganic aerosol greatly. Future
work will focus on improving and assessing the treatment of
anthropogenic and fugitive dust emissions, as well as charac-
terizing the nature of organic aerosol formation and evolution
in the Los Angeles Basin.
Appendix A: Additional Flights
[54] Appendix A contains Figures A1, A2, A3, and A4.
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Figure A1. Same as Figure 6, but for the Twin Otter May 21 ﬂight.
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Figure A2. Same as Figure 10, but for the P3 May 4 ﬂight.
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Figure A3. Same as Figure 10, but for the P3 May 16 ﬂight.
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Figure A4. Same as Figure 10, but for the P3 May 19 ﬂight.
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Appendix B: AMS Transmission Efﬁciencies
[55] The AMS transmission curve used in this study is
piece-wise deﬁned for three diameter ranges: (a) linear in-
crease in transmission vs ln(Dva), from 0% at Dva = 40 nm
to 100% at Dva = 100 nm, (b) 100% transmission from
Dva = 100 nm up to Dva = 550 nm, (c) linear decrease in trans-
mission vs ln(Dva), from 100% at Dva = 550 nm to 0% at Dva =
2 mm, and zero elsewhere. This transmission curve can be
applied analytically to any log-normal mass distribution:
40 nm < Dva < 100 nm:
f Dvað Þ ¼ ln Dva=40nmð Þln 100nm=40nmð Þ (B1)
100 nm < Dva < 550 nm:
f Dvað Þ ¼ 1 (B3)
550 nm < Dva < 2000 nm:
f Dvað Þ ¼ ln Dva=2000nmð Þln 550nm=2000nmð Þ (B5)
M 100 nm < Dva < 550 nmð Þ
¼ M 100 nm=rdry < Dp < 550 nm=rdry
 
¼ Mtot
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
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Mð40 nm < Dva < 100nmÞ ¼
Mð40 nm=rdry < Dp < 100 nm=rdryÞ ¼
Mtot
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
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where f is the transmission efﬁciency as a function of Dva, Mtot
is the unmodiﬁed, total amount of predicted species mass (e.g.
nitrate, sulfate, ammonium) in the mode, andM(Dva,min< Dva
< Dva,max) is the modiﬁed amount of species mass, within the
mode, in the given vacuum-aerodynamic diameter range. The
vacuum-aerodynamic diameter limits of the AMS transmission
curve are converted to particle (Stokes) diameters for each data
point by usingDp ¼ rordry
 
Dva [DeCarlo et al., 2004], where Dp
is the physical (Stokes) diameter of the particle, Dva is the
vacuum-aerodynamic diameter, ro is the standard density
(1 g cm 3), and rdry is the density of the particle predicted
by CMAQ not including water. The total mass from each
mode (using this speciﬁc AMS transmission efﬁciency
curve) is then:
MAMSmode ¼ M 40 nm < Dva < 100 nmð Þ
þM 100 nm < Dva < 550 nmð Þ
þM 550 nm < Dva < 2000 nmð Þ
(B7)
where MAMSmode is the total amount of predicted species mass in
the mode that has been adjusted to match the transmission
curve of the AMS. The total amount of predicted species
mass that should be compared to the AMS is then the sum
of all three adjusted modes (M = MAMSI + M
AMS
J + M
AMS
K ),
where I, J, and K are the Aitken mode, the accumulation
mode, and the coarse mode, respectively. The derivation of
the equations for transmission curve adjustment are pre-
sented in the supplementary section.
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